Nanophase zinc oxide (ZnO) has been widely studied as an important multifunctional material in many applications. Atomic layer deposition (ALD) is a unique thin-film synthesis technique, featuring its extreme uniformity, unrivaled conformal coverage, low deposition temperature, and precise controllability. Using diethylzinc (DEZ) and water as precursors, ALD has been reported previously for growing nanophase ZnO thin films. However, the growth characteristics and the resultant ZnO crystallinity have not been well characterized and understood. To this end, we revisited the ALD process of ZnO using DEZ and water. Through employing a suite of advanced characterization techniques, we systematically addressed the growth characteristics, morphological changes, and the crystallinity evolution of ZnO along with growth temperature in the range of 30-250°C. The growth characteristics of the ALD ZnO films were investigated using in situ quartz crystal microbalance (QCM), scanning electron microscopy, atomic force microscopy, and synchrotron-based X-ray reflectivity. The crystallinity of the ALD ZnO films was determined using synchrotron-based X-ray diffraction and high-resolution transmission electron microscopy. In addition, through further analyzing QCM data, we proposed the adsorption-limited surface reaction for ALD ZnO growth with the temperature-dependent number of -OH surface group reacting with one DEZ molecule. Thus, this study contributes to offer new and deep insights on the fundamental ALD process of ZnO.
Introduction
ZnO can exist in three different crystal structures, either hexagonal wurtzite or cubic zinc blende or rock salt [1, 2] . Wurtzite structure is known as the thermodynamically stable phase under ambient conditions, while zinc blende symmetry is only stabilized by heteroepitaxial growth on cubic structures and the rock salt structure might be obtained from the phase transition from wurtzite structure at relatively high external hydrostatic pressure [1] . Rock salt structure has the highest bulk modulus of 202.5 GPa by experiment and 205.7 GPa by theoretical calculations [3, 4] , compared to 154.4 GPa of zinc blende and 156.8 GPa of wurtzite structure [5] , and also possesses the largest band gap of 4.5 over 3.27 eV of zinc blende and 3.37 eV of wurtzite structure [6, 7] .
The hexagonal wurtzite structure of ZnO is the most studied for its multifunctionalities, featuring its (002) and (100) lattice planes in the natural phase. (002) lattice plane is polar due to the arrangement of sole Zn atoms and has the interplanar spacing of 2.59 Å [8] . The polar (002) plane has a higher band energy (3.37 eV at room temperature) than nonpolar (100) plane [7] , contributing to high electron mobility and strong room-temperature luminescence. Consequently, these characteristics have made ZnO an important material in many devices, such as semiconductors [9] and light-emitting transistors [7, 10] (e.g., liquid crystal displays (LCDs) [11, 12] , lightemitting diodes (LEDs) [10, [13] [14] [15] ), and thin-film transistors (TFTs) [16] [17] [18] . In contrast, nonpolar (100) plane with an interplanar spacing of 2.8 Å contains both Zn and O atoms [8] . Nonpolar (100) plane has the relatively sparse interplanar spacing of Zn and O atoms, which is favorable for transparent thin films [19] and flexible and piezoelectric devices [20] [21] [22] [23] [24] . In addition, the asymmetry of the wurtzite structure of ZnO has rendered excellent flexibility and piezoelectricity. Furthermore, ZnO has been recognized as an anode material in lithium-ion batteries (LIBs) [25, 26] , owing to its low cost, environmentally friendly compatibility, and high theoretical capacity (978 mAh/g). Besides the above applications, ZnO has been widely employed in pigments [27] , lubricants [28] , solar cells [29] , thermoelectric sensors [30] , corrosion protection [31] , tribology [32] , and drug delivery [33] . In the many applications, ZnO has been fabricated into a variety of nanostructures, including nanowires [34] , nanorods [35] , tetrapods [36] , nanobelts [36, 37] , nanoflowers [38] , and nanoparticles [39] . These nanostructures have been extensively produced by chemical vapor deposition (CVD) [40, 41] , molecular beam epitaxy (MBE) [42] , sputtering [43] , and solution-based methods [44, 45] .
In the past decade, atomic layer deposition (ALD) has been widely used for developing various nanostructures [46, 47] , ascribed to its controllable atomicscale growth [48, 49] , unrivaled conformal coverage over high-aspect-ratio (HAR) templates up to 100,000:1 [50] , excellent uniformity on large-scale planar substrates [51, 52] , and low growth temperature even down to room temperature [53] [54] [55] . As a result, ALD has enabled various nanostructures (e.g., nanopores [56, 57] , nanowires [46, 58] , and nanotubes [59, 60] ) using different substrates, such as temperature-sensitive substrates (e.g., biotemplates [61, 62] and polymers [63, 64] ) and complex HAR substrates (e.g., porous structures [65, 66] , nanotubes [67, 68] , and silicon vias [69] ). To date, ALD has been applied for a large range of inorganic materials, including elements [70] , oxides [71] [72] [73] , nitrides [74, 75] , sulfides [76, 77] , and ternary or even high-level compounds [78] [79] [80] .
ZnO is among the earliest compounds deposited by ALD, and the first study was reported in 1985 [81] , which used zinc acetate (ZnAc) and water as precursors. Subsequently, many more ALD processes have been developed for ZnO growth using different precursor pairs, including Zn/water [82] , ZnCl 2 / water [82] , diethylzinc (DEZ)/water [83] , dimethylzinc (DMZ)/water [83, 84] , DEZ/O 2 [85] , and methylzinc isopropoxide/water [86] . To date, the precursor pair of DEZ/water is the most popular one [71] , due to their high vapor pressures, strong reactivity, and a large range of deposition temperature (23-350°C) [20, 83] . Previous studies on DEZ/H 2 O precursors have devoted much effort in clarifying the growth mechanism, characteristics, and film crystallinity of the resultant ZnO in the range of 30-300°C [20, 87] .
Yousfi et al. [88] first taken the quantitative measurements of atomic mass variations due to DEZ and H 2 O exposures using in situ QCM in 1991, and then proposed an ideal ALD surface chemistry proceeded with two half reactions as follows: In addition to growth mechanism, it is also important to investigate the crystallinity of the resultant ZnO films. Using laboratory-based (Cu Ka radiation with wavelength of 1.5406 Å ) X-ray diffraction (XRD), Pung et al. [87] reported that the ALD ZnO thin films on Si (100) This led to the dominant growth along the (100) planes of ZnO. In a subsequent study, Malm et al. [20] made an attempt on clarifying the crystallographic orientations of ALD ZnO films deposited on Si (100) substrates at low temperatures from 23 to 140°C, using a laboratory-based (Cu Ka) XRD. Surprisingly, they revealed that the ZnO films grew preferentially on the [002] orientation at temperatures of \ 80°C and on the [100] orientation at higher temperatures. Malm et al. also noticed that the XRD peak intensity increased with increased temperatures, indicating improved crystallinity. XRD results in the above two discussed studies commonly indicate that the synthesized ZnO retained wurtzite structure at different temperatures. Combining their XRD data, it seems that the preferential orientation changed from [002] in the range of 23-80°C to [100] in the range of 80-220°C and again back to [002] in the range of 220-300°C. However, it needs to be pointed out that, compared to the XRD spectra with multiple peaks by Pung et al., the XRD spectra by Malm et al. only showed a single peak at lower temperatures. This was limited by the resolution of their XRD analyzers and resulted in some uncertainty on determining the crystallinity of the ZnO films deposited at low temperatures of \ 140°C.
Inspired by the versatile roles of ZnO in various applications and aimed at clarifying some uncertainties discussed above, we revisited the ALD process of ZnO using DEZ and water with a series of experiments in order to clarify the following points: (1) growth characteristics, (2) morphological evolutions of ALD ZnO films, and (3) temperature dependence of ZnO crystallinity. To this end, we perform this study using in situ QCM, ex situ scanning electron microscope (SEM), high-resolution transmission electron microscopy (HRTEM), synchrotron-based XRD, synchrotron-based X-ray reflectivity (XRR), and AFM.
Experimental
The ZnO deposition was conducted in a commercial ALD reactor (Savannah 200, Cambridge Nanotech Inc., USA). DEZ and H 2 O were alternatively dosed into the ALD reactor for growing ZnO films. Both DEZ and H 2 O could enable sufficient vapors at room temperature for the ALD ZnO deposition. The delivery pipelines and manifold valves were heated to 80°C to prevent the precursors from condensation, and the exhaust pipeline was maintained at 150°C to remove the oversupplied vapors and any by-products. Ar gas (ultrahigh purity) was used as the carrier gas at a flow rate of 20 sccm, and the ALD reactor was maintained at a stable low pressure of 0.3-0.4 Torr by a vacuum pump (Pascal 2021C2, Adixen). A single ALD cycle was executed through the following four steps: (1) a 0.015 s dose of DEZ; (2) a 5.0 s purge of Ar gas to remove excessive DEZ and any by-products; (3) a 0.015 s dose of H 2 O, and (4) a 5.0 s purge of Ar gas to remove excessive H 2 O and any by-products. Longer purge time of 30.0 s was needed to remove excessive precursors and the by-products in steps 2 and 4 of the ZnO deposition at 30°C. ZnO thin films were prepared by repeating the above ALD cycles at different deposition temperatures. In this study, the ALD ZnO was performed at the temperatures of 30, 80, 100, 120, 150, 200, and 250°C.
In situ QCM measurements were taken in this study to track mass variations with precursor exposures. 6 MHz quartz crystals (#750-1059-G10, Inficon) have been integrated into the ALD reactor lid. Prior to QCM measurements of ALD ZnO at each growth temperature, a deposition of 30-cycle ALD Al 2 O 3 using TMA and H 2 O was first performed in order to maintain a reproducible and uniform starting surface.
A variety of ex situ characterization tools was employed for characterizing ALD ZnO deposited on different substrates, including Si wafers, nitrogendoped graphene (NGS), and nitrogen-doped carbon nanotubes (N-CNTs). Synchrotron-based XRR and XRD were adopted to determine the film thickness and crystallinity of ALD ZnO films on Si at different temperatures, respectively. AFM was used to examine surface roughness of the ZnO films on Si. SEM was used to characterize the morphological changes of NGS due to the ALD ZnO deposition on NGS. TEM was utilized to observe the ALD ZnO-deposited N-CNTs, and HRTEM was applied to examine the internal structures of ALD ZnO.
Results and discussion

Results
In situ QCM measurements were employed to systematically investigate the growth of ALD ZnO films at different growth temperatures. Figure 1a demonstrates the time-dependent mass profiles obtained from QCM measurements during 100 repeating cycles of DEZ and H 2 O doses at various temperatures. The ALD ZnO growth entered a steady-state linear phase after the first 15 cycles. The lower growth rate in the first 15 cycles (Figure SI-1 in Supporting Information (SI)) was mainly due to the effect of the pre-deposited Al 2 O 3 film. The average mass gain per cycle in the steady-state regime changes with temperature, as shown in Fig. 1b 
where h c is the critical angle of ZnO (0.4363 in rad) and k is the X-ray wavelength. The results of XRRderived and QCM-derived GPC (assume a density of 5.61 g cm -3 for crystalline ZnO [93] ) are shown in Fig. 1d , exhibiting the same changing trend of GPC but some difference between their values. The GPC measured using XRR are higher than those calculated from QCM data, possibly caused by the lower density of ALD-deposited ZnO. Based on the QCM data (Fig. 1a) , we further examined the mass gain m 1 due to the dosing of DEZ and the mass gain m 2 due to the dosing of H 2 O in steady-state linear growth regimes at different temperatures, as shown in Fig. 2a-c 4),
where the ratio R could reveal the number x of -OH groups reacting with each DEZ molecule. The changes of x with temperature are illustrated in Fig. 2d . Except for x = * 2.0 at 30°C, the values of x at all the other temperatures are * 1.5. A schematic illustration in Fig. 3 is to demonstrate the ALD ZnO surface reactions in the cases of x = * 1.5. At 30°C, the value of x * 2.0 suggests that both -C 2 H 5 ligands in one DEZ molecule react with two -OH surface groups in the ALD process. We further investigated the morphological evolutions of ALD ZnO thin films at various growth temperatures using high-resolution SEM. ZnO thin films of 100 and 300 ALD cycles were deposited on nitrogen-doped graphene sheets (NGS, Fig. 4a ). NGS has numerous wrinkles of * 3.4 nm, and it has been widely used as substrates for ALD deposition previously, such as TiO 2 [72] and SnO 2 [94, 95] . The assynthesized ZnO@NGS composites of 300 cycles at various temperatures (Fig. 4b-h ) exhibited uniform and conformal coverage of ZnO thin films. It is easy to observe that the films over the NGS substrates comprise numerous nanoparticles. The morphologies of ZnO films of 100 cycles are summarized in Figure SI-3 . In addition, the thickness of ZnO films coated on NGS wrinkles at different temperatures is consistent with the GPC in Fig. 1d . Based on the homogeneous growth nature of ALD deposition on both sides of NGS, the GPC of ALD ZnO films could be calculated using the expression: GPC = (the measured thickness of the ZnO-deposited NGS wrinkles-the measured thickness of the NGS wrinkles)/ (2 9 the number of ALD cycles). The thickness of 300-cycle ZnO-coated NGS wrinkles at 30, 80, 100, 120, 150, 200, and 250°C is 40, 70, 82, 94, 110, 88, and 77 nm, respectively. The thickness of 100-cycle ZnOcoated NGS wrinkles is shown in Figure SI on the SEM observations on the wrinkles' thickness, the GPC of ZnO on NGS were calculated for the first 100 cycles, the 200 cycles between the first 100 cycles and the first 300 cycles, and the first 300 cycles as shown in Figure SI-4 .
Furthermore, the morphologies of ALD ZnO thin films on Si wafers were examined using AFM, as shown in Figure SI-5 . The root-mean-square (RMS) roughness values for various growth temperatures were measured, e.g., 1.63 nm for * 420-nm-thick (300 cycles) ZnO film at 80°C and 2.01 nm for the nearly same thick (300 cycles) ZnO film at 250°C. The ZnO nanoparticles on planer Si substrates (see Figure SI-5 ) by AFM are similar to the SEM observations on NGS substrates in Fig. 4b-h .
To verify the crystallinity of the ALD ZnO films at different temperatures, we applied the synchrotronbased XRD technique. The XRD was performed on 300-cycle ZnO thin films deposited on (111) Si substrates at different temperatures. The XRD results in Fig. 5 showed two dominant diffraction peaks at [100] and [002] orientations at all growth temperatures, indicating that the ZnO films have the hexagonal wurtzite structure. At 30°C, the ZnO film exhibited two weak [002] and [100] peaks, probably due to the small nanoparticles (as witnessed in Fig. 4b ). At 100°C, the [100] peak gained more intensity and became almost equal intensity to [002] peak. At 120 and 150°C, the films showed the strong crystallinity with sharp peaks, where [002] peak was dominant. At higher temperatures of 200 and 250°C, the [002] diffraction peak became much sharper and more prominent. Apparently, the deposition temperatures had an evident influence on the resultant crystallinity of ZnO films. To further verify the crystallinity of ZnO deposited at 30°C, we utilized HRTEM to analyze the ZnO deposited on N-CNTs for 100 cycles, as shown in Fig. 6 . The N-CNTs were first loaded TEM grids, and then, the TEM grids with N-CNTs were deposited with ALD ZnO. Figure 6a shows the TEM image of the N-CNTs deposited with 100-cycle ZnO at 30°C. Figure 6b reveals the deposited ZnO mainly being * 7 nm nanoparticles on N-CNTs. There are also nanoparticles deposited on the carbon membrane of the TEM grid. HRTEM image in Fig. 6c further discloses that the ZnO nanoparticles deposited on the TEM carbon membrane are highly crystalline, showing identifiable (002) and (100) lattices. The interplanar spacing of 2.59 Å as marked in red frames was identical to the (002) interplanar spacing of hexagonal ZnO structures, and (100) planes with 2.80 Å interplanar spacing were shown in the blue frames. The HRTEM images of ZnO nanoparticles deposited on N-CNTs are included in Figure SI-6 , consistent with the observation in Fig. 6c . Thus, the good crystallinity of ALD ZnO has been confirmed for low-temperature deposition at 30°C.
Discussion
Using the in situ QCM technique, we visualized the linear growth at all tested temperatures from 30 to 250°C. The mass growth rates (Fig. 1 ) from the QCM measurements are consistent with the data reported in previous studies [88, 90] , i.e., showing the highest GPC at 150°C while decreasing at a lower temperature or a higher temperature. Two distinct chemical mechanisms are illustrated below for the low growth rates of ALD ZnO films at lower and higher temperatures, respectively. At low growth temperature under 150°C, insufficient thermal energy is unfavorable for the chemical reactions of precursors and surface functional groups [87, 90] , leading to low GPC. The dosed precursors become more energetic to react with functional groups as temperature rises. As a result, ALD ZnO growth rate is low at low temperatures and then accelerates at higher temperatures till 150°C. In contrast, there are two factors leading to the decreasing growth rate at temperatures higher than 150°C. A density functional theory (DFT) study explicitly explained that ALD ZnO growth using DEZ and H 2 O at all the temperatures is thermodynamically favorable due to the globally negative Gibbs free energy [96] . Nonetheless, the researchers also revealed that the adsorption Gibbs free energy of DEZ become positive at temperature higher than 120°C, indicating that desorption of metal Zn from the substrate surface. Rueter et al. [97] had also examined that the metal Zn in DEZ dissociated on silicon surface could be desorbed from the silicon surface in the temperature range of 127-277°C according to temperature-programmed desorption (TPD). Thus, the active sites from the surface ('O -Zn(C 2 H 5 )) could be reduced due to Zn desorption, causing the decrease in ZnO growth rate at temperatures higher than 150°C. Another reason for the decrease in ALD ZnO growth rate at high temperature may be attributed to the dehydroxylation of -OH surface sites, where 2 -OH surface groups dehydrate into a=O group with the release of a H 2 O molecule [72, 98] . The dehydroxylation eliminates the thermally unstable -OH surface sites and therefore induces the lower growth rate [72] . As a consequence, the highest GPC at 150°C for ALD ZnO is a balance among the different factors.
A strong evidence to the good crystallinity for ZnO films grown at 30°C have been confirmed using HRTEM (Fig. 6 ) in this study, where nanocrystalline particles show 2.59 and 2.80 Å interplanar distances for (002) and (100) planes, respectively. The weak diffraction peak from XRD should be attributed to the tiny nanoparticle size. Previously, the mechanism for preferential growth orientations has been reported for ALD ZnO deposited in the range of 155-300°C [87] . (002) polar plane shows the lowest surface energy; thus, a growth temperature of [ 200°C could facilitate the migration of Zn and O atoms to energetically favorable positions of (002) plane. The researchers further suggested that, at * 150°C or lower, the adhesion of organic ethyl fragments on polar (002) plane could suppress ZnO growth in (002) planes, leading to a dominant growth of (100) planes of ZnO thin films. Nonetheless, the mechanism for (002) plane grown at low temperature, e.g., 30°C, has not been understood well yet. Apparently, ALD deposition temperatures have remarkable impacts on the crystallinity and growth preference of ALD ZnO, ascribed to the changes of surface chemistry.
Conclusions
In this revisit, we studied the growth characteristics of ALD ZnO using DEZ and H 2 O as precursors, and clearly revealed the high degree of crystallinity at all temperature range from 30 to 250°C. The temperature-dependent growth rate has been quantitatively analyzed using in situ QCM and ex situ synchrotron XRR. The growth rate could be precisely controlled in atomic scale for various growth temperatures. At low temperatures, i.e., 30 and 80°C, ZnO films grew with slow GPC, due to the insufficient thermal energy for the ligand exchange reactions. With increased temperatures up to 150°C, the ZnO growth has been boosted. Beyond 150°C, however, the growth rate decreased mainly due to the desorption of DEZ and the dehydration of -OH sites. Considering the nature of DEZ adsorption on ZnO surface and in situ QCM measurements, we proposed the new half surface reactions formatted in Eqs. (3a) and (3b) with the number x of reactive -OH sites at various temperatures. Each DEZ molecule reacted with nearly 1.5 -OH surface sites for all the growth temperatures, except 2 -OH reactive sites at 30°C. In addition, ex situ SEM and AFM characterization tools examined the uniform and conformal coverage on Si (111) and NGS substrates, and also revealed the morphological changes of ZnO films at different growth temperatures. Moreover, synchrotron-based XRD and HRTEM jointly verified the high-degree ZnO crystallinity remaining at the temperature range of 30-250°C. They also confirmed that the ZnO growth orientations varied with deposition temperature.
